We first present the results of fully self-consistent numerical simulations of the Large and Small Magellanic Clouds (LMC and SMC), which show that the last collision between the Magellanic clouds about ∼ 0.2 Gyr ago can form the apparently off-center bar and peculiar HI spirals of the LMC. We also show that the present spatial distributions of young stars with ages less than ∼ 20 Myr in the LMC can be significantly asymmetric and clumpy owing to dynamical and hydrodynamical interaction between the Clouds during the Magellanic collision. The simulated small but non-negligible fraction of stellar and gaseous components transferred from the SMC into the LMC are interpreted in terms of the observed diffuse HI gas surrounding the LMC and the globular cluster ESO 121-SC03 falling in the "age gap" between 3 − 13 Gyr. Based on these results, we discuss the origin of Magellanic-type dwarfs with off-center bars in the context of their tidal interaction with their visible and invisible companions.
Introduction
The Large Magellanic Cloud (LMC) morphologically classified as an irregular galaxy (Ir III-IV) is observed to have a prominent off-center bar embedded within its flat disk component (e.g., de Vaucouleurs & Freeman 1972 hereafter dVF72; van den Bergh 2000, v00) . Recent observational studies based on the Deep Near-Infrared Southern Sky Survey (DENIS) and Two Micron All-Sky Survey (2MASS) have revealed that the LMC has the off-center stellar bar in a significantly elongated stellar disk (e.g., van der Marel 2001). Influences of the off-center bar on the evolution of the LMC (e.g., the recent star formation history) have been discussed by several authors (e.g., Gardiner et al. 1998; G98) .
Such asymmetric structures seen in the LMC's stellar components have been revealed also in the gaseous ones by multibeam HI survey of the LMC (e.g., Staveley-Smith et al. 2003, S03) . Remarkably asymmetric and patchy distributions of star-forming complexes and young populous clusters are also observed within the stellar disk of the LMC (v00). Although the observed asymmetric distributions in variously different populations (e.g., carbon stars, HI, and star-forming regions) are suggested to provide valuable information on the LMC's evolution interacting with the Small Magellanic Cloud (SMC) and the Galaxy (e.g., Westerlund 1997), it is unclear when and how these asymmetric structures were formed in the dynamical history of the LMC.
The purpose of this Letter is thus to demonstrate, for the first time, that the last collision between the LMC and the SMC about 0.2 Gyr ago (referred to simply as "the Magellanic collision") can be responsible for the formation of the off-center bar, peculiar spirals, and asymmetrically distributed young stars in the LMC. Although previous studies already pointed out the importance of the Magellanic collision in the formation of the LMC's young star clusters (e.g., Fujimoto & Kumai 1997; Bekki et al. 2004a ) and a peculiar structure seen in the periphery of the LMC (e.g., Kunkel et al. 1997 ), the present study first explains the origin of asymmetric structures in both stellar and gaseous components of the LMC in a self-consistent manner. We here focus on the essence of the physical mechanisms for asymmetric structure formation in the LMC and accordingly will make more quantitative comparison of the simulation results with latest observations in our forthcoming papers.
The model
Since fundamental methods and techniques of numerical simulations on the evolution of the Clouds are given in our previous papers (Bekki & Chiba 2005 ; BC05), we briefly describe them here. We investigate dynamical and hydrodynamical evolution and star formation histories of the Clouds from 0.8 Gyr ago (T = −0.8 Gyr) to the present (T = 0) by using chemodynamical simulations in which both the LMC and the SMC are modeled as selfgravitating, barred, and disky systems composed initially of dark matter halos, stars ("old stars"), and gas. We first determine the most plausible and realistic orbits of the Clouds and then investigate the evolution of the LMC using fully self-consistent GRAPE-SPH sim-ulations (Bekki & Chiba 2006) . In determining the orbits, we adopt the same numerical method as those in previous studies (Murai & Fujimoto 1980; Gardiner & Noguchi 1996, GN96) , in which the equations of motion of the clouds are integrated backward in time, from the present epoch until ∼ 0.8 Gyrs ago. The orbital evolution of the Clouds in different models is given in BC05.
The gas is converted into new field stars ("new stars") according to the Schmidt law with the observed threshold gas density (Kennicutt 1998 ). Although we obtain the results of models with different masses (thus orbits) of the LMC (M L ) and the SMC (M S ) for a reasonable range of their initial masses, we show the results of the standard model with M L = 2.0 × 10 10 M ⊙ and M s = 3.0 × 10 9 M ⊙ . This is firstly because the results of this model can be compared with previous simulations with the same model parameters (e.g., GN96) and secondly because this model shows typical behaviors of off-center bar formation. We use the same coordinate system (X, Y, Z) (in units of kpc) as those used in GN96 and BC05. The adopted current positions are (−1.0, −40.8, −26.8) for the LMC and (13.6, −34.3, −39.8) for the SMC and the adopted current Galactocentric radial velocity of the LMC (SMC) is 80 (7) km s −1 . Current velocities of the LMC and the SMC in the Galactic (U, V , W ) coordinate are assumed to be (-5,-225,194) and (40,-185,171) in units of km s −1 , respectively. The model for the disk configuration (e.g., inclination angles) of the LMC (SMC) is exactly the same as that in BC05 (GN96).
We derive the two-dimensional (2D) distributions of the B−band surface brightness (µ B ) in the LMC's stellar disk from the simulated mass distributions of its old and new stars by assuming that the stellar mass-to-light-ratio (M/L B ) is 4.0 for old stars and 0.16 for new ones (Vazdekis et al. 1996) . In order to show more clearly the simulation results, we make the following coordinate transformation for the projected mass distributions to see more clearly the face-on morphology of the LMC: Firstly the LMC disk is rotated by some degrees in the X-Z plane (i.e., about the Y -axis) such that the major axis of the bar is coincident with the X-axis, then the disk is rotated by 180 degrees about the Z-axis. We investigate the model without SMC ("SMC-less" model) so that we can more clearly understand the roles of SMC in the LMC evolution. We also investigate the evolution of the Clouds from T = 0 Gyr to T = +4 Gyr (i.e., the next 4 Gyr) to discuss the final dynamical fate of the Clouds. Figure 1 shows the 2D distributions of µ B of the LMC projected onto the X-Z plane at T = 0 Gyr for the standard model and the SMC-less one. Although the tidal interaction between the LMC and the Galaxy can form an elliptical stellar disk, no off-center bar can be formed in the SMC-less model. The standard model, on the other hand, shows a clear asymmetric distribution in the outer disk with respect to the central bar, and accordingly the central bar appears to be largely shifted from the center of the disk. The results of these two models clearly demonstrate that the Magellanic collision can be responsible for the formation of the apparently off-center bar embedded within the LMC's elliptic stellar disk. Although Zaritsky (2004) recently proposed that the "bar" in the LMC is actually a triaxial stellar bulge embedded in a highly obscuring thin disk, our simulations suggest that the "bar" is a real bar. The result of the SMC-less model is quantitatively consistent with previous models without SMC evolution (e.g., BC05; Mastropietro et al. 2005).
Results
As Figure 2 reveals, showing the 2D distribution of the surface gas density (µ g ) of the standard model, the Magellanic collision results in the formation of a significantly asymmetric gas distribution with higher gas densities in the left side of the stellar bar. Two gaseous arms appear to emerge from above the left end of the bar with the one extending to the direction of (X, Z) ≈ (−7, 0) kpc and the other extending to the direction of (X, Z) ≈ (−2, −7) kpc. The latter gaseous arm is furthermore connected to the Magellanic gaseous bridge in the inter-Magellanic region. Owing to the mass-transfer from the SMC into the LMC during the Magellanic collision, about 8% of the LMC's gaseous componets at T = 0 Gyr were initially within the SMC. These transferred gas might well form either the diffuse halo gas around the LMC (S03) or kinematically odd components such as the "L-component" (Luks & Rohlfs 1992) . Only ∼ 2% of old stellar components of the SMC can be transferred into the central 7.5 kpc of the LMC. Old stars and new stars formed from gas transferred from the SMC can be discussed in terms of structurally and kinematically odd stellar components of the LMC (e.g., Subramaniam & Prabhu 2005) . Figure 3 shows that the 2D distribution (µ s ) of young stars with the ages (t age ) less than 20 Myr is quite irregular and patchy, in particular, in the left half of the disk. The highdensity regions of young stars can be seen within the stellar bar, where gas can be compressed into new stars owing to dynamical action of the bar. These irregular distributions of new stars can not be clearly seen in the µ s distribution for all new stars with t age < 200 Myr, which suggests that the LMC collision is responsible only for the asymmetric distribution of very young stars (t age < 20 Myr). The location of a clumpy distribution just above the left end of the bar (i.e., (X, Z) ≈ (−5, 2) kpc) is coincident with the high-density region of the gaseous arm connected to the Magellanic bridge. This result is discussed in terms of 30 Dorados formation later in this paper.
We confirm that the Clouds can merge with each other to form a single Magellanic cloud within ∼ 4 Gyr (T < +4 Gyr) from the present (T = 0 Gyr), because the SMC continues to sink into the LMC owing to dynamical friction between the LMC's halo and the SMC. As shown in Figure 4 , the LMC is transformed into a disk galaxy with a S0-like morphology, a bar, a thick stellar disk, and rotational kinematics. The newly formed "Magellanic cloud" also has a stellar halo formed mainly from the tidal debris of the SMC and accordingly the expected mean metallicity of the halo is as high as [Fe/H] ∼ −0.7, which is significantly higher than that of the Galactic old stellar halo ( [Fe/H] ∼ −1.6). It should be noted here that the major axis of the outer stellar halo with µ B ∼ 26−27 mag is significantly misaligned with that of the main body of the Magellanic cloud. These results will be discussed by our forthcoming papers (Bekki & Chiba 2006, in preparation) in terms of the origin of stellar halos in S0s.
Discussion and conclusion
The LMC has an unique cluster formation history in that nearly all of its globular clusters (GCs) were formed either ∼ 13 Gyr ago or less than ∼ 3 Gyr ago (Da Costa 1991) . Although a possible theoretical explanation has been provided for the origin of the "age gap" of the GCs (Bekki et al. 2004b) , no theoretical studies have explained the origin of the GC ESO 121-SC03 with the ∼ 9 Gyr old age, which is located in the outer part of the LMC and only the GC that falls in the age gap (e.g., v00). The simulated small yet non-negligible amount of the SMC's halo and old stellar components transferred into the LMC implies that some of the SMC's old clusters, that are observed to be significantly younger than the LMC's counterparts (e.g., Piatti et al. 2005) , can be transferred into the LMC's halo and thus identified later as the LMC's GC. We accordingly suggest that the origin of the ESO 121-SC03 can be closely associated with the Magellanic collision.
The origin of asymmetric and patchy distributions of star-forming regions and young massive stars have long been discussed in terms of different physical mechanisms, such as stochastic self-propagating star formation (SSPSF; Feitzinger et al. 1981) , gas compression in a bow shock due to the Galactic warm gas (de Boer et al. 1998) , and dynamical perturbation of the LMC's off-center bar (G98). The simulated asymmetric distribution of young stars in the LMC disk suggests that the Magellanic collision can also play a role in forming asymmetric distributions of star-forming regions and young stars. It is thus our future study to understand the relative importance of these mechanisms (e.g., SSPSF and the Magellanic collision) in the formation of the asymmetric distributions in the LMC.
30 Doradus with the central supercluster R136 is observed to be located just above the eastern end of the LMC's bar (e.g., v00) and the peculiar HI arms appear to emerge from above the eastern end of the bar (See Figure 1 in S03) . Interestingly, the present simulations also show that both gaseous arms with higher densities and relatively densely populated regions of very young stars (t age < 20 Myr) can be seen above the left side of the LMC's bar. This amazing coincidence between the observations and the simulations implies that the origin of 30 Doradus (and thus R136) could result from dynamical and hydrodynamical interaction between the Clouds in the Magellanic collision.
Although barred Magellanic-type dwarfs that appear to be pairs of galaxies are not rare (e.g., Freeman 1984) , the existence of off-center bars is seen in systems that are not obviously interacting (dVF72; G98). Recent cosmological numerical simulations (e.g. Susa & Umemura 2004) have demonstrated that star formation in low-mass systems with the masses of ∼ 10 8 M ⊙ can be severely suppressed by the cosmic reionization so that these systems can become galaxies that are not optically observable ("dark galaxies"). We accordingly suggest that the formation of off-center bars in Magellanic-type dwarfs with apparently no optical companions could be possibly due to the unequal-mass galaxy collision between them and their invisible companions:The presence of off-center bars can be useful for proving missing satellites through interaction with them.
As shown in our previous and present studies, the star formation history and the spatial distributions of young stars with different ages in the LMC can depend on the orbits of the Clouds with respect to the Galaxy (Bekki et al. 2004; BC05) . Ongoing uniform, unbiased, and wide surveys of young stars by the Spitzer telescope in the project of Surveying the Agents of a Galaxy's Evolution (SAGE) will soon provide valuable information on the detailed spatial distributions of young stars (Meixner et al. 2005) . The wide field photometric survey of stars in the LMC (Zaritsky et al. 2004 ) will enable us to map the LMC's stellar structures dependent on ages of stellar populations. We accordingly suggest that comparison between these observations and our simulations help us to obtain an integrated and systematic understanding of the LMC's star formation history that can be strongly influenced by the Magellanic collision and thus dependent on the orbits of the Clouds.
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